ABSTRACT The present data demonstrate that the outer membrane of Escherichia coli contains domains of lipopolysaccharide that do not intermix freely with each other. A strain of E. coli lacking galactose epimerase was grown with galactose, for varying periods of time, which permits formation of a long polysaccharide, and without galactose, which results in a short polysaccharide. Such cultures yielded outer membrane fragments that were heterogeneous in lipopolysaccharide composition, some containing more long-than short-chain lipopolysaccharide, and vice versa. The kinetics of formation of these fragments suggest that lipopolysaccharide initially enters the membrane at points from which it can diffuse but ultimately is organized into domains that do not mix with each other, at least when lipopolysaccharides of different composition are present in the same organism.
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The outer membrane of Gram-negative cells has a relatively simple composition in which three or four polypeptides comprise 60-80% of the total protein (1, 2) , most of the phospholipid is phosphatidylethanolamine (3, 4) , and lipopolysaccharide is the primary polysaccharide-containing component (4) . However, the organization of these components, and their rearrangement during growth, is unknown. Lipopolysaccharide molecules, which are made in the inner membrane and inserted into special loci in the outer membrane, are known to diffuse from these loci to cover the entire surface, indicating that they are capable of lateral diffusion within this membrane (5) (6) (7) (8) (9) . However, the motion, or diffusion, of lipids or lipid probes within the bilayer appears to be more restricted in the outer membrane than in other membranes (10) (11) (12) and, at least when it has a long polysaccharide side chain, lipopolysaccharide participates in this restriction (13) . These studies raise the question of whether lipopolysaccharide motion is itself restricted within the membrane and if so, how.
The current experiments show that older lipopolysaccharide, which has already diffused away from its point of insertion, is organized into domains or areas that do not intermix freely with newer lipopolysaccharide of a different composition.
MATERIALS AND METHODS
Strains, Media, and Isotopes. Escherichia colt J5, a mutant of E. coil 0111:B4 lacking galactose epimerase, was used throughout. Cells were grown at 370 with vigorous aeration on proteose peptone beef extract medium (4) that had been tested for absence of galactose (9 (14) , and glycerol almost entirely (>90%) into lipid when this strain is grown in this medium (13) .
Preparations of Membranes. All steps were at 0-4'. Cultures (100 ml) were harvested, and membranes were prepared and fractionated by the method of Osborn et al. (3) modified as described (9) . After osmotic lysis the membranes were sonicated for 15 sec, sedimented, and centrifuged to equilibrium on 40-55% sucrose gradients as described (9) . For 500-ml cultures, the procedure was modified further: the material was sonicated in five portions so that the conditions of sonication could be maintained exactly as for 100-ml experiments, sedimentation of the membranes was for 31/2 to 5 hr at 95,500 X g, and centrifugation to equilibrium was for 42 hr or more at 96,300 X g.
Purification of Lipopolysaccharide. Pooled outer membrane fractions from sucrose gradients were dialyzed exhaustively at 40 and reduced in volume to 1 ml by lyophilization. Phenol extraction, dialysis, and treatment with RNase were as described (15) . In some cases, treatment with RNase was omitted because no further purification appeared to result from this step (9) to depend on the presence or absence of galactose: with galactose, the mutant makes lipopolysaccharide with a long carbohydrate chain, resulting in a dense membrane; in its absence, the cells make lipopolysaccharide with little carbohydrate, so the membrane is less dense. Fig. 1 mented into pieces 1-2% of the size of the total membrane (9) , and centrifuged to equilibrium. Outer membrane fragments from cells grown with galactose (OMI) are denser (density 1.24 g/ml) than those from cells grown without galactose (OM2) (density 1 (Fig. 3A) . A total of 37% of the fragments (as measured by [3H]glycerol) was found in fractions 1-20. When galactose was present only during the late part of growth, no membrane fragments were found at the position of OM1 and most of the outer membrane fragments were low in density (like OM2). Only 16% of the fragments were found in fractions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] (Fig. 3B) .
These results show that the density distribution of outer membrane fragments is dependent upon the time of synthesis, and not the amount, of long-chain lipopolysaccharide. These data rule out artifactual segregation of lipopolysaccharide into different regions during preparation and isolation, because such an artifact should have operated equally for the two experiments in Fig. 3 . The most reasonable explanation for these results is that lipopolysaccharide synthesized early during growth of a culture is organized into regions that are not freely interpenetrated with more recently synthesized lipopolysaccharide. Such regions would yield membrane fragments in Fig. 3A that are as dense as OM,. On the other hand, the results of Fig. 3B are similar to those observed previously when galactose was added for 2 min to cells grown in its absence (9) . Such cells yield some outer membrane fragments slightly denser than OM2; however, if galactose is removed and growth is continued, these fragments become less dense, suggesting that the small amount of long-chain lipopolysaccharide can be dispersed into areas containing short-chain lipopolysaccharide. Similar results were seen when galactose was removed from a culture grown as for Fig. 3B and growth was continued for 15 min; most of the fragments denser than OM2 disappeared (data not shown.) Ratio of Long-Chain to Short-Chain Lipopolysaccharide in Outer Membrane Fragments. In order to prove that outer membrane fragments of different densities differ in ratio of long-chain to short-chain lipopolysaccharide, cells (500 ml) were grown as for the experiment in Fig. 2A except that the only labeled compound present during the period of growth in galactose was [3H]galactose, and either ['4C]glucose or N-acetyl['4C]glucosamine was present after galactose was removed. Membranes were prepared and centrifuged to equilibrium, and areas corresponding to OM,, intermediate outer membrane, and OM2 membrane peaks were pooled. Lipopolysaccharide was extracted and purified from these areas. Table 1 shows that the ratio of long-chain lipopolysaccharide to short-chain lipopolysaccharide was 2-3 times as much in the densest outer membrane fragments (OM1) as in the less dense fragments. In one experiment, but not in the other two, the proportion of long-chain lipopolysaccharide was lower in the least dense peak (OM2) than in the intermediate peak. These conflicting results are easily explained by reference to Fig. 1 which shows that OM2 is contaminated with unseparated membranes containing predominantly long-chain lipopolysaccharide (OM1), so that the proportion of long-chain lipopolysaccharide isolated with OM2 is increased by this contamination. Despite this technical problem, the results indicate that there is marked heterogeneity of lipopolysaccharide composition throughout these outer membrane fragments.
DISCUSSION
These experiments show that lipopolysaccharide synthesized early during growth of a culture is organized into domains or regions that do not intermix with lipopolysaccharide of a different polysaccharide side-chain length made later. This result is in contrast to the situation found immediately after insertion of new lipopolysaccharide into the outer membrane, when it is mobile. Thus, lipopolysaccharide is first inserted at "insertion points," then diffuses, and then is organized into "domains."
The mechanism for this immobilization into domains is not known. It is possible that the lipopolysaccharide is crosslinked Cell Biology: Leive to other lipopolysaccharide molecules, either by itself or through a different molecule. A recent report (16) suggests that T6 receptors, known to be a specific outer membrane protein, behave as though they are inserted throughout the membrane but are conserved in the same total area of the cell surface for at least one generation. Possibly the same mechanism of "crosslinking" is responsible for the (20, 21) . Second, the outer membrane is less fluid, by-several criteria, than the inner membrane or membranes of most other cells (10) (11) (12) ; when the lipopolysaccharide of this membrane contains a long-chain polysaccharide, this polysaccharide causes the greater rigidity because the mobility of spin-labeled fatty acids is restricted in membranes with long-chain, rather than short-chain, lipopolysaccharide (13). Short-chain, lipopolysaccharides apparently have much less or no effect on mobility (13, 22) . Such results and those of the present experiments would be explained if long-chain polysaccharide chains interacted strongly with each other, while short-chain molecules interacted less strongly with each other or with long-chain molecules. Interactions would thus be specific to the type of polysaccharide present. Polysaccharides are known to confer specificity in interaction phenomena in eukaryotes, but the systems that are well-defined to date (for instance, the uptake of glycoproteins by liver or the uptake of lysosomal proteins) appear to depend on the recognition of polysaccharides by proteins (23) ; it is therefore intriguing to speculate that polysaccharide-polysaccharide interactions may also confer specificity.
